Staphylococcus epidermidis is the most frequent cause of nosocomial sepsis and catheter-related infections, in which biofilm formation is considered to be the main virulence mechanism. In biofilm environment, microbes exhibit enhanced resistance to antimicrobial agents. This fact boosted the search of possible alternatives to antibiotics. Farnesol and N-acetylcysteine (NAC) are non-antibiotic drugs that have demonstrated antibacterial properties. In this study, the effect of farnesol and NAC isolated or in combination (farnesol+NAC) was evaluated. NAC at 10 × MIC caused a total cell death in planktonic cells.
INTRODUCTION
Staphylococcus epidermidis lives naturally on the skin and mucous membrane as a commensal of the human skin flora (9) and was primarely considered a natural human inhabitant bacterium with a low pathogenic potential (22) . However, in recent decades, this bacterium was identified as a common cause of numerous infections on indwelling medical devices (22) and actually S. epidermidis is among the most leading causes of nosocomial infections (16) . These bacteria form biofilms on implanted medical devices such as central venous catheters (CVCs), urinary catheters, prosthetic heart valves, orthopedic devices, contact lenses, etc, and cause persistent infections (21) and diseases such as septicemia and endocarditis (3) . The biofilm-forming ability of Staphylococcus epidermidis has been considered to be its main virulence mechanism (5, 20) by which this organism is able to persist in infections/diseases (11) . Many implant infections sometimes *Corresponding Author. Mailing address: IBB-Institute for Biotechnology and Bioengineering, Centre of Biological Engineering, University of Minho, Campus de Gualtar, 4710-057, Braga, Portugal.; Tel: +351 253604409 Fax: +351253-678986.; E-mail: roliveira@deb.uminho.pt S. epidermidis planktonic and biofilm cells requires the implant removal, causing considerable suffering for the patient, with pain and disability and even increased mortality (8, 9) . Moreover, the long-term systemic antibiotics, surgical debridement, and prolonged hospitalization, greatly increase the costs associated with implant replacement surgery.
The biofilm formation ability is a major clinical problem, mainly due to the intrinsic tolerance/resistance of biofilm cells to antibiotics (5) . Antibiotic combination represents a therapeutic option in the treatment of S. epidermidis infections (14) . However, increasing multiple resistance to antibiotics has made the development of new treatment options for serious infections a matter of urgent concern. In recent years, much research has been devoted to investigating possible alternatives to antibiotics, studying their mode of action and synergistic effects with other antimicrobial compounds. Farnesol is a sesquiterpene alcohol that has demonstrated to inhibit the growth of some microorganisms, such as Staphylococcus aureus and Streptococcus mutans, evidencing its potential use as antimicrobial agent (6, 11) . The mechanism of action of this sesquiterpenoid probably involves cell membrane damages (6, 11, 13) . N-acetylcysteine is another non-antibiotic drug that has antibacterial properties (17) . NAC is one of the smallest drug molecules in use and it is generally used in the medical treatment of chronic bronchitis, cancer and paracetamol intoxication (15) . The prevention of biofilm formation and adherence to biomaterials devices is another possible role of NAC (17) .
Considering the results previously obtained with these compounds, the purpose of this work was to investigate the possible synergistic effect of farnesol with N-acetylcysteine against S. epidermidis planktonic and biofilm cells.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Two clinical isolates of S. epidermidis, known for their ability to form biofilms, were used in this work: strain 1457 
Planktonic assays
Viability assays were performed in 100 mL Erlenmeyers containing a S. epidermidis cell suspension (~ 2 × 10 8 cells mL The wells were washed with distilled water and finally, acetic acid 33% (v/v) (Merck, Darmstadt, Germany) was added. The absorbance was measured at 570 nm.
Controls were cells not exposed to farnesol or NAC (positive control), and cells exposed either to farnesol or NAC alone. All experiments were carried out in triplicate and repeated three times.
Scanning Electron Microscopy (SEM)
Biofilms were dehydrated by immersion in increasing ethanol Three fields were used for image analysis. All photographs were taken at a magnification of × 40 000.
Statistical analysis
The results from all assays were compared by the one-way analysis of variance by applying the Bonferroni and Tukey multiple comparison tests, using the SPSS (Statistical Package for the Social Sciences Inc, Chicago). All tests were performed with 95% confidence level.
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RESULTS
Figure 1 presents the effect of farnesol, NAC and the association farnesol-NAC on Staphylococcus epidermidis
planktonic cells. NAC at 1 × MIC concentration is less effective than farnesol at 300 M (p < 0.05) (Fig. 1) . The combination of farnesol at 300 M with NAC at 1 × MIC caused a higher CFU log reduction when compared to each one alone (p < 0.05). This combination resulted into an additional log reduction of 0.5 and 1 for strains 1457 and 9142, respectively (p < 0.05) and relatively to the most effective of both antimicrobial agents tested, ie farnesol at 300 M.
However, NAC at 10 × MIC was more effective than farnesol alone and farnesol and NAC 1 × MIC. After 24 hours, NAC 10 × MIC caused 8 log reduction resulting in total cell death ( Fig.   1 ). Representative scanning electron microscopy images of 1457 S. epidermidis biofilms after being exposed to farnesol, NAC and farnesol-NAC are presented on figure 3 . These images specifically show the effect on the biofilm matrix and biofilm cell viability, and are in agreement with the results presented above. All biofilms treated with NAC revealed a desintegration of the matrix which is more noticeable for NAC at 40 mg mL -1 (10x MIC). Farnesol seems to have also an effect on biofilm matrix but not as pronounced as NAC. S. epidermidis planktonic and biofilm cells 
DISCUSSION
In this work, the effect of farnesol, NAC and farnesol-NAC combination against S. epidermidis planktonic and biofilm cells was studied. For that, two good biofilm-forming strains were selected, strains 1457 and 9142 (19) . Comparing these two strains, 1457 produces slightly more biofilm than 9142 (19) . The biofilm formation ability is due to the formation of PIA homopolymer, which surrounds and connects S.
epidermidis cells in biofilm form (16) . The extracellular matrix is extremely important for intercellular connection during surface colonization (10) and protection against the host immune system and resistance to antibiotics (1) . Figure 3a According to previous studies, where farnesol was tested at concentrations ranging from 30 to 300 µM, the last concentration demonstrated to have an antimicrobial effect against S. epidermidis as well as against other bacteria (7, 11) .
We hypothesized that the combination of NAC with farnesol could be synergystic in the treatment of S. epidermidis infections as they both act on different components of the biofilm. Our results revealed that additionally to be bactericidal NAC seems also to act against the matrix. The peak serum concentration of NAC after a 600 mg oral dose was estimated to be 0.465 mg mL -1 (18) . The concentrations of NAC tested in our study (1 × MIC and 10 × MIC, 4 and 40 mg mL -1 ) are rather higher than those reached in serum when applied by the intravenous or oral route. However, when applied locally it may be possible to obtain concentrations that prevent the formation of biofilms and consequently the adherence of S. epidermidis. (17) .
In another study, a concentration of 80 mg mL -1 of NAC was tested in vitro based on preliminary data that showed a dose-response relashionship on planktonic bacteria (2) . Based in these results it seems to be feasible the use of 40 mg mL -1 in vivo.
In conclusion, NAC at 40 mg mL -1 was the only of the tested treatments that was bactericidal against S. epidermidis cells both in planktonic or in biofilm form. Moreover, although NAC and farnesol have different modes of action, the combination of both has no significant synergistic effect.
